Introduction
In response to polypeptide-surface receptor binding, Stat proteins, latent cytoplasmic transcription factors, become phosphorylated on a single tyrosine by any of a variety of kinases including receptor tyrosine kinases or Jak kinases associated with cytokine receptors. Each Stat molecule contains an SH2 domain, and reciprocal SH2-phosphotyrosine interactions between two Stat molecules result in the formation of active dimers that accumulate in the nucleus to activate gene expression (1) .
In addition to binding to DNA as dimers, Stat1, Stat4 and Stat5 can form dimer:dimer complexes on tandemly linked Stat binding sites (2-4). The highly conserved N-terminal domains of each of these proteins allow the tetramer formation, leading to greatly increased stability of the protein-DNA complex (2) . Deletion of the N-terminal ~130 residues of Stat1 or Stat4 abolishes cooperative dimer:dimer binding to DNA (2, 4) and mutation of a tryptophan residue in the N-terminus, conserved in all Stats, prevents Stat1 tetramer formation and decreases IFN-γ-dependent transcription of a synthetic promoter containing two tandemly arranged weak Stat1 binding sites (5) . Full transcriptional activation by IL-2 of the IL-2Rα gene also required dimer:dimer interaction serum. Human IL-6 was purchased from Boehringer Mannheim and was used at a concentration of 5 ng/ml. The recombinant soluble form of the human IL-6 receptor was purchased from R&D Systems and was used at a concentration of 5 ng/ml. Antiphospho-Stat3 (Tyr 705) antibody (New England Biolabs) was used at a 1:1,000 dilution and anti-FLAG monoclonal antibody (Kodak/IBI) was used at a 1:5,000 dilution for Western blotting.
Glutathione S transferase (GST)-fusion constructs were generated by PCR using primers containing 5' BamHI sites and 3' NotI sites. Amplified products were digested with appropriate enzymes and cloned into pGEX-5X-1 (Pharmacia). Construction of the expression vector pRcCMV (Invitrogen) containing Stat3 was as previously described (14) . The luciferase reporter plasmids containing α2-M promoter fragment and three Ly6E sites were previously described (14) . pCMVβ-gal construct was purchased from DNase I footprinting assays were performed according to manufacturer's directions (Promega) with modifications. 5 to 15 µg of recombinants proteins were incubated with 20,000 to 30,000 cpm of one end labeled probe in 50 µl of binding buffer containing 25 mM Tris-HCl (pH 8.0), 50 mM KCl, 6.25 mM MgCl 2 , 0.5 mM EDTA, 10% glycerol and 0.5 mM DTT on ice for 10 min. 50 µl of room temperature Ca ++ /Mg ++ Solution (5 mM CaCl 2 and 10 mM MgCl 2 ) was added to the mixture and incubated at room temperature for 1 min. DNase I (GIBCO BRL) was diluted in 50 mM CaCl 2 and 20 mM Hepes (pH 7.9). 0.05 U of DNase I was then incubated with the mixture for one minute. The reaction was stopped by 90 µl of Stop Solution (200 mM NaCl, 30 mM EDTA, 1% SDS and 100 µg/ml yeast tRNA). DNA was recovered by phenol:chloroform:isoamyl alcohol and ethanol precipitation, resuspended in Loading Solution (1:2 [v/v] of 0.1 M NaOH:formamide, 0.1% xylene cyanol and 0.1% bromophenol blue), and applied to 8% polyacrylamide sequencing gel (Amresco).
Expression and purification of GST-fusion proteins.
The expression plasmid was cotransformed into Escherichia coli strain DH5α with pATH(Tet)-v-Abl (a gift from Ke Shuai, University of California, Los Angeles). 50 ml of an overnight culture in 2 x YT broth supplemented with 100 µg/ml ampicillin, 12.5 µg/ml tetracycline and 20 µg/ml tryptophan was diluted into 1 litre of 2 x YT broth supplemented with the same antibiotics and amino acid. The culture was grown at 30 o C for 4 h. The expression was induced by adding 1 mM isopropyl-1-thio-β-Dgalatopyranoside. The cells were harvested 2 h later and suspended in 1 l of 1 x M9 broth supplemented with the same antibiotics, 5 g/ml casamino acids (Sigma), 10 µg/ml thiamine-HCl (Sigma), 0.2% glucose and 0.1 mM CaCl 2 to induce the expression of the v-Abl kinase domain. The culture was grown for another 2 h and finally collected by centrifugation. Following lysis by sonication, GST proteins were purified on glutathioneSepharose beads (GIBCO BRL) and washed extensively with phosphate-buffered saline.
GST was removed by incubating with 20 U of Factor Xa overnight at 4 o C .
Site-directed mutagenesis.
The QuickChange site-directed mutagenesis method (Promega) was used to introduce mutations into Stat3.
A pair of primers were used to introduce W37A mutation into wild-type Stat3. Transfection and cell extracts.
Transient transfections were performed as previously described (13) . All results shown are luciferase activities normalized against the internal control β-gal activity.
EMSA.
100 ng of recombinant proteins were incubated with 1 ng of 32 P-labeled oligonucleotides for 20 min at room temperature. The protein-DNA complexes were analyzed by EMSA as previously described (15) .
Cell extracts and immunoblotting.
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Whole-cell lysates and nuclear extracts were prepared as described previously (14) . Immunoprecipitation and Western blotting were carried out by standard methods (16) .
Results
The functional importance of the protein-DNA interaction to the α2-M gene activation. In a concentration-dependent manner, Stat3DB reduced both the transcriptional signal dependent on endogenous Stat3 and that achieved with extra Stat3 and c-Jun (Fig. 1) .
We conclude that specific protein-DNA interactions are essential for the α2-M gene activation.
Both a typical Stat3 site and a Stat3-like site on the α2-M gene promoter are required for maximal IL-6-inducible reporter gene activity.
In our previous studies, a 100 bp DNA fragment of the α2-M enhancer was used to evaluate the role of Stat3:c-Jun interaction in the activation of the IL-6-inducible α2-M reporter gene (13) . Twelve base pairs upstream from the previously identified Stat3 site (TTCTGGGAA, canonical sequence = TTC/GN 3 G/CAA), there is a Stat3-like site (TAACTGGAA) at -187 to -179 ( Fig. 2A ). Early studies of mapping the IL-6-response elements of the α2-M gene promoter using DNase I footprinting showed that both the Stat3 site and the Stat3-like site can be protected by factors from acute-phase rat liver nuclear extracts (7, 19) . The Stat3 site was protected more efficiently than the Stat3-like site. In order to elucidate the functional importance of the two sites in IL-6 induction of α2-M, the mutated α2-M reporter gene constructs in which either the canonical Stat3 site was mutated to GGATGGGAA or the Stat 3-like site was mutated to TAATCTTCC, or both were mutated together were used in transient transfection analysis. Compared to the maximal activation driven by the wild type α2-M promoter, the mutant of the canonical transcription and mutation at both sites (designated as double in Fig. 2B ) showed further reduction in signal.
Phosphorylated recombinant Stat3 protien binds to the α2-M gene promoter as a tetramer.
As (Fig. 3C, lane 1) . With sequence containing a mutation in the Stat3-like site weak tetrameric and dimeric complexes were found (Fig. 3C, lane 3) . With mutations in the canonical Stat3 site or with double mutant no complexes were seen (Fig. 3C, lanes 2 and 4) .
We then tested the importance of the spacing of the canonical and Stat3-like binding sites for formation of Stat3 tetramer on the α2-M promoter. A spacing of 5, 22, 27 bp were prepared to test in comparison with the original oligonucleotide that has 12 bp spacing (Fig. 4) . The complexes were allowed to form and "chased" with unlabeled homologues oligonucleotides. Both 5 and 27 bp spacing allowed about equal tetrameric binding but the α2-M-22bp oligonucleotide formed somewhat fewer complexes. The stability of the preformed DNA-protein complexes showed that the original 12 bp spacing allowed the greatest stability of formed complexes to unlabeled oligonucleotide challenge.
The functional importance of the spacing of the two sites was further examined by using the mutated α2-M reporter genes in which the canonical Stat3 site and the Stat3- proteins generated two major footprints (Fig. 5 , regions I and II), corresponding to the Stat3 site and the Stat3-like site on the α2-M promoter. Region II, the Stat3-like site is, was better protected with higher concentration of wtStat3 proteins. However, the footprints with wqStat3 and ∆ntStat3 were weaker at both sites. These results confirmed that two Stat3 sites were indeed bound to the wtStat3 proteins. Therefore we conclude that the Stat3 dimer:dimer interaction occurs on the two tandemly arranged Stat3 binding sites.
Stat3 tetramer formation is important for transcriptional activation of the α2-M gene.
We also assessed the importance of Stat3 tetramerization formation in IL-6-induced α2-M gene activation by performing transient transfection assays in HepG2 cells.
The same α2-M luciferase reporter construct described in Fig. 1 Western blotting with anti-phospho-Stat3 (Tyr 705) antibody (Fig. 6B ). The wqStat3 also
showed an indistinguishable DNA-binding ability from that of wtStat3 in EMSA using 32 P-labeled M67 probe (Fig. 6C) , indicating the successful activation, dimerization, nuclear translocation and DNA binding of wqStat3 proteins.
Discussion
The long-range aim of our studies with the α2-M enhancer is first to identify proteins that bind to specific sites in the DNA, seek evidence for protein:protein Finally, we had earlier shown, using a 100 bp region of the α2-M enhancer that
HepG2 cells supplemented with Stat3 and c-Jun gave a higher IL-6 induced transcription signal than unsupplemented cells. In the present experiments we show that this transcriptional cooperation depends on the tetramer interaction.
We therefore conclude that in the α2-M enhancer which appears to depend on Stat3 induction, that two Stat3 dimers probably associated at the amino terminus of one chain in each dimer provides maximum transcriptional stimulation. We regard this as a significant step forward toward our long-range goal of defining each protein:protein interaction that occurs in a Stat-dependent enhanceosome.
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